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DLosartan ameliorates ‘‘upstream’’ pulmonary vein vasculopathy
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2550Objectives: Pulmonary vein stenosis (PVS) is a relentless disease with a poor prognosis. Although surgical
repair can effectively treat ‘‘downstream’’ (near left atrial junction) PVS, residual ‘‘upstream’’ (deep in lung
parenchyma) PVS commonly dictates long-term survival. Our initial studies revealed an association between
PVS and transforming growth factor-b signaling, which led us to investigate the effect of losartan on upstream
pulmonary vein vasculopathy in a piglet model of PVS.
Methods: Neonatal Yorkshire piglets underwent sham surgical banding (sham, n ¼ 6), staged bilateral pulmo-
nary vein banding of all pulmonary veins except the right middle pulmonary vein (banded, n ¼ 6), and staged
pulmonary vein banding with losartan treatment (losartan, 1 mg/kg/d, n ¼ 7). After 7 weeks, the hemodynamic
data were obtained and the piglets killed.
Results: Pulmonary vein banding (compared with sham) was associated with continuous turbulent flow in
banded pulmonary veins, pulmonary hypertension (pulmonary artery/systemic blood pressure ratio 0.51 
0.06 vs 0.23 0.02, P<.001), and diffuse pulmonary vein intimal hyperplasia in the upstream pulmonary veins
(P<.001). Losartan administration decreased the pulmonary artery/systemic blood pressure ratios compared
with those in the banded piglets (0.36  0.08 vs 0.51  0.06, P ¼ .007) but it remained greater than those in
the sham group (P ¼ .001). Losartan was also associated with diminished pulmonary vein intimal hyperplasia
compared with that in the banded piglets (P< .001) but still remained more than that in the sham group
(P¼ .035). Pulmonary vein banding reduced vascular endothelial-cadherin expression, indicative of diminished
endothelial integrity, which was restored with losartan.
Conclusions: Losartan treatment improved PVS-associated pulmonary hypertension and intimal hyperplasia
and might be a beneficial prophylactic therapy for patients at high risk of developing PVS after pulmonary
vein surgery. (J Thorac Cardiovasc Surg 2014;148:2550-8)See related commentary on page 2559.Pulmonary vein stenosis (PVS) occurs in 18% of patients
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The Journal of Thoracic and Cardiovascular Surmanagement.1-4 PVS can also occur congenitally, with or
without associated cardiac defects, and occasionally after
nonpulmonary vein surgery.2,5-8 Surgical repair of PVS is
often feasible when the stenosis is limited to the
pulmonary vein–left atrial junction, but it has been
associated with an increased risk of adverse composite
outcomes (death, reoperation, or recurrent PVS), which
can be as great as 30% to 45%.1,2,4 The current surgical
techniques to repair PVS are limited, because they cannot
directly address the upstream (deep in lung parenchyma)
spread of pulmonary venous disease, an important
mediator of long-term survival. With diffuse disease (eg,
severe involvement of all 4 pulmonary veins), the 1-year
mortality rate is 80%.2,3 As a last resort, palliative stenting
of the pulmonary veins can be attempted, with a 1-year sur-
vival rate of only 62% and an incidence of in-stent stenosis
of 63%.9 Chemotherapy protocols have been suggested to
treat diffuse PVS but have had limited success.10 Thus,
currently, no therapy for upstream PVS is available.
We previously reported a piglet model of PVS associated
with progressive diffuse obstructive intimal hyperplasia in
the upstream pulmonary veins that recapitulates the clinical
PVS pathogenesis.11 Specimens upstream from a bandedgery c December 2014
Abbreviations and Acronyms
AT1 receptor ¼ angiotensin II receptor, type 1
PAP ¼ pulmonary artery pressure
PVS ¼ pulmonary vein stenosis
RV ¼ right ventricular
SMA ¼ smooth muscle actin
TGF-b ¼ transforming growth factor-b
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vWF ¼ von Willebrand factor
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Dpulmonary vein in the piglet model and human specimens
from patients with PVS were associated with robust expres-
sion of transforming growth factor-b (TGF-b).11
Losartan selectively blocks angiotensin II receptor, type 1
(AT1 receptor) and inhibits multiple avenues of TGF-b ac-
tion both directly and indirectly.12 Losartan inhibits TGF-
b–mediated activation of extracellular signal-regulated ki-
nase12 and Smad2 phosphorylation, both critical to the ca-
nonical signaling pathway of TGF-b. Losartan also
decreases tissue expression of TGF-b responsive genes
and protein levels of connective tissue growth factor and
collagen IV.12,13 Losartan restores the aortic architecture
and root dimensions in a fibrillin-1–deficient mouse model
of Marfan syndrome12,14 and is clinically available for the
prevention of dilated aortopathy associated with Marfan
syndrome.13,15 The relationship between losartan and
pulmonary vein pathology, however, has not been
reported. We hypothesized that losartan might slow the
progression of upstream disease in our piglet model of PVS.
METHODS
The Animal Care Committee at the Hospital for Sick Children approved
the present study. Neonatal piglets (3.7  0.6 kg) were divided into 3
groups: sham surgical banding (sham, n ¼ 6), pulmonary vein banding
(banded, n ¼ 6), and banded with losartan treatment (losartan, n ¼ 7).
PVS Model and Hemodynamic Measurement
The pulmonary vein banding procedure was modified from that of our
previous study.11 Each piglet underwent a 2-stage banding procedure
involving bilateral thoracotomies. In the stage I procedure, the left upper
pulmonary vein and the lower common pulmonary vein were banded
through the left fifth intercostal space. After a 1-week recovery period,
the stage II procedure included banding of the right upper pulmonary
vein through the fourth intercostal space, and the right middle pulmonary
vein was left unbanded. The unbanded right middle pulmonary vein (which
drains a relatively small portion of the right lung) provided an intra-animal
control for the banded pulmonary veins and improved survivability in the
model. Cotton umbilical tapes (0.125-in. width, and length equivalent to
1.3 times the pulmonary vein circumference) were used to band the pulmo-
nary veins. The sham group underwent identical procedures, including
encirclement of the pulmonary veins, with the exception that the bands
were not left in place. In the losartan group, 1 mg/kg/d losartan (Cozaar;
Merck, Whitehouse Station, NJ) was administered orally from the second
postoperative day after the stage I procedure to the day before tissue harvest.
At 7weeksafter the stage II procedure, thepigs underwent a hemodynamic
assessment and tissue harvest. The body surface areawas calculated using theThe Journal of Thoracic and Carfollowing formula16: body surface area (m2)¼ 0.07343 (body weight)0.656.
Theheart rate, invasive arterial bloodpressure, and saturationweremonitored.
Echocardiography was performed. A 5F Swan-Ganz catheter (Teleflex,
Limerick, Pa) was inserted from the right internal jugular vein to measure
the central venous pressure, right ventricular (RV) pressure, pulmonary artery
pressure (PAP), and pulmonary capillary wedge pressure. Cardiac output was
measured by thermodilution (model 9520A, Edwards Lifesciences, Irvine,
Calif). After sternotomy, the RV pressure, left ventricular pressure, and left
atrial pressure were obtained by direct needle measurement. The heart and
lungs were removed en bloc quickly after exsanguination.
The pulmonary veins were dissected as distally as possible from the pul-
monary vein–left atrial junction and divided into 3 equivalent segments if
long enough. Otherwise, the pulmonary veins were divided into 2 seg-
ments. The proximal segment was closest to the site of pulmonary vein
banding (1-3 cm from the site of banding) and was termed ‘‘downstream.’’
The adjacent ‘‘upstream’’ segments originated>3 cm from the site of band-
ing and extended 8 cm into the lung. The heart was then harvested, and
the ventricle was split into 2 parts: the RV free wall and the left ventricle.
Histologic Examination
Paraffin-embedded pulmonary vein tissues were sectioned and stained
with hematoxylin and eosin and trichrome staining. Movat pentachrome
staining was performed to quantify intimal hyperplasia in every segment.
ImageJ (National Institutes of Health, Bethesda, Md) was used for the
quantification. The intimal area was measured between the endothelial
layer and lamina interna, and themedia areawas quantified from the lamina
interna to the outside border of the smoothmuscle cells. The circumference
of the internal lamina was used to calculate the radius of this vessel.
The extent of intimal hyperplasia is reported using the ratio of the intima
to media area. However, this ratio can lead to inaccurate interpretation in
specimens with irregular hypertrophy contours. A complimentary method
was used as a second index to quantify intimal hyperplasia that normalized
the measured intimal area to the square of the calculated radius, represent-
ing the ratio of the intimal area to an idealized vessel internal luminal area.
A third technique measured the media area and normalized this measure-
ment to the square of the calculated radius (media area/R2) to evaluate
the extent of media hypertrophy. All measurements were performed by
an observer who was unaware of the specimen grouping.
Immunofluorescence
Paraffin-embedded pulmonary vein slides were deparaffinized in xylene
and rehydrated in ethanol. Antigens were re-exposed with sodium citrate
buffer (Dako, Glostrup, Denmark), immersed in blocking buffer for 40 mi-
nutes, incubated with primary antibodies for 2 hours, washed in phosphate-
buffered saline solution, and labeled with secondary fluorophore-labeled
antibodies. The nucleus was stained with 460-diamidino-2-phenylindole-
2 HCl (1:1000).
The endothelial markers evaluated included CD31 (1:100; Abcam,
Cambridge, Mass), vascular endothelial cadherin (VE-cadherin, 1:50;
Thermo Fisher Scientific, Waltham, Mass), and von Willebrand factor
(vWF, 1:100; Dako Canada Inc, Burlington, Ontario, Canada). The mesen-
chymal markers evaluated included fibronectin (1:100; BD Transduction
Laboratories, Franklin Lakes, NJ) and a-smooth muscle actin (a-SMA,
1:50; Santa Cruz Biotechnology, Santa Cruz, Calif).
Protein Extraction and Western Blotting
Left upper pulmonary vein samples were homogenized in lysis buffer
and centrifuged (20 minutes, 13,400g, 4C), and supernatants were
collected. The protein concentrations were quantified using a Bradford
protein assay (Bio-Rad, Hercules, Calif). The samples were separated on
midi-Protein TGX Precast Gels (Bio-Rad), transferred to nitrocellulose
membranes, and blocked with 5% skim milk or 5% bovine serum albumin
for 1 hour. The membranes were probed with antibodies of interest, and the
blots were then incubated with goat anti-mouse IgG horseradish peroxidasediovascular Surgery c Volume 148, Number 6 2551
TABLE 1. Hemodynamics and right ventricular hypertrophy
Variable
Group
P valueSham (n ¼ 6) Banded (n ¼ 6) Losartan (n ¼ 7)
HR (beats/min) 99.8  10.9 117.2  16.9* 105.6  12.7 .113
Systolic PAP (mm Hg) 16.2  2.1 35.3  3.1* 26  7*,y <.001
Diastolic PAP (mm Hg) 9.3  1.9 20  3.3* 14.9  4.1*,y <.001
Mean PAP (mm Hg) 12  2.4 26.8  2.6* 19.9  7*,y <.001
Systolic ABP 70.5  7.9 69.7  9.9 72  5.5 .863
Mean ABP 51.7  8.4 55  7.2 57  3.3 .394
Systolic PAP/ABP 0.23  0.02 0.51  0.06* 0.36  0.08*,y <.001
Systolic RVP/LVP 0.3  0.02 0.57  0.1* 0.42  0.05*,y <.001
CVP (mm Hg) 1.8  1.5 2.7  1 4.1  1*,y .01
PCWP (mm Hg) 5.3  2.3 13.9  2.7* 12.5  2.3* <.001
Mean LAP (mm Hg) 5.3  2.3 5.7  1.8 6.5  1.8 .531
PVR index (Wood 3 m2) 0.98  0.19 3.91  0.84* 2.58  1.48*,y .001
SVR index (Wood 3 m2) 7.51  1.49 9.51  1.38 10.07  2.26y .055
Mean CI (L/min/m2) 6.73  1.1 5.62  1.2 5.34  0.98* .8
SV index (mL/m2) 67.98  12.25 47.69  5.74* 51.78  13.96* .017
RV mass index (g/m2) 50.23  4.16 71.35  12.84* 54.22  11.87y .007
LV mass index (g/m2) 139.4  8 129.9  7.2 126.7  21 .286
RV/LV weight 0.36  0.02 0.55  0.09* 0.43  0.09y .002
LVSF (%) 36.3  4.5 34.5  5.1 36.2  4.5 NS
Data presented as mean  standard deviation. HR, Heart rate; PAP, pulmonary artery pressure; ABP, arterial blood pressure; RVP, right ventricular pressure; LVP, left ventricular
pressure; CVP, central venous pressure; PCWP, pulmonary capillary wedge pressure; LAP, left atrial pressure; PVR, pulmonary vascular resistance; SVR, systemic vascular resis-
tance; CI, cardiac index; SV, stroke volume; RV, right ventricular; LV, left ventricular; LVSF, left ventricular shortening fraction; NS, not significant. *P<.05 versus sham. yP<.05
versus banded.
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D(1:5000) and goat anti-rabbit IgG horseradish peroxidase (1:5000) second-
ary antibodies. The membranes were developed using ClarityWestern ECL
substrate (Bio-Rad). Densitometry was performed using Quantity One and
Image Lab analysis software (Bio-Rad). Glyceraldehyde-3-phosphate de-
hydrogenase was used as a loading control and to normalize the data.
The primary antibodies included CD31 (1:500; Abcam), VE-cadherin
(1:1000; Thermo Fisher Scientific), and vWF (1:500; Dako Canada Inc).
The mesenchymal markers evaluated included fibronectin (1:1000; BD
Transduction Laboratories) and a-SMA (1:2000; Santa Cruz Biotech-
nology). TGF-b (1:1000; Abcam) and phosphorylated SMAD2 (1:800,
Cell Signaling, Denvers, Mass) were also quantified.
Statistical Analysis
Continuous data are presented as the mean  standard deviation. One-
way analysis of variance or a nonparametric comparison was used to
compare the hemodynamic data, histologic scores, and semiquantification
of Western blotting among the 3 groups. A post hoc comparison was
analyzed using Fisher’s least significant difference test or Dunnett’s test,
depending on the equality of the variance. The Mann-Whitney U test and
Kruskal-Wallis H test were used for nonparametric comparisons, as appro-
priate. The data were analyzed using SPSS, version 19 (IBM Corp,
Armonk, NY).RESULTS
Losartan Treatment Decreased Banding-Induced
Pulmonary Artery Hypertension and RV
Hypertrophy
The hemodynamic data are summarized in Table 1. Pul-
monary vein banding induced an increase in the heart rate,
PAP, pulmonary capillary wedge pressure, systolic PAP/
arterial blood pressure, systolic RV pressure/left ventricular2552 The Journal of Thoracic and Cardiovascular Surpressure, and pulmonary vascular resistance index (P<.05
for all vs sham). The cardiac index and stroke volume index
were lower than those in the sham group. Banding also
induced RV hypertrophy, with a greater RV mass index
and RV/left ventricular weight ratio (P< .05 for both vs
sham).
Losartan treatment diminished the systolic PAP/arterial
blood pressure and pulmonary vascular resistance index
compared with the banded groups (P < .001 and
P¼ .045), but these parameters had not entirely normalized
compared with the sham group (P ¼ .001 and P ¼ .015).
Losartan administration did not improve the pulmonary
capillary wedge pressure, cardiac index, or stroke volume
index compared with the banded group. Pulmonary vein
banding produced robust RV hypertrophy (RV mass index)
compared with the sham group (P ¼ .003). Losartan pre-
vented the RV hypertrophy seen in the banded group
(P¼ .01 for banded vs losartan) and reduced the RV hyper-
trophy to a level that was not significantly different statisti-
cally than that in the sham group (P ¼ .503; losartan vs
sham).Losartan Reduced Diffuse Intimal Hyperplasia in
Banded Pulmonary Veins
The histologic alterations associated with pulmonary
vein banding and losartan treatment are shown in
Figure 1. Hematoxylin and eosin staining (Figure 1, A-E)
demonstrated a single cell layer of endothelial cells on thegery c December 2014
FIGURE 1. Histologic findings of upstream pulmonary veins (PVs) after PV banding. A-E, Hematoxylin and eosin staining, F-I, trichrome staining, and
J-M, Movat staining. A, F, J, The upstream banded PVs in the banded group had significantly greater intimal hyperplasia compared with D, I, M, the sham
group. C, H, L, The unbanded right middle PV (RMPV) appeared normal. B, G, K, Losartan remarkably ameliorated this pathologic change, N, O, quantified
by both the ratio of intima/media area and the square of the radius indexed intima area. P, However, the square of the radius indexed media area was similar
between the banded and losartan groups. R, Virtual radius calculated from the circumference of the internal elastic lamina. *P<.05 versus sham; #P<.05
versus banded.
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Dinternal elastic lamina in the sham group. However, signif-
icant intimal hyperplasic cells were found in the upstream
pulmonary veins in the banded and losartan groups both.
The nuclei of the cells in the neointima were spindle-like
in both the cross-sectional (Figure 1, A-D) and longitudinal
hematoxylin and eosin (Figure 1, E) sections. Trichrome
staining (Figure 1, F-I) indicated collagen deposition and
excessive cell accumulation in the neointima. These find-
ings were also confirmed by Movat pentachrome staining
(Figure 1, J-M). Although these indexes were evident in
the banded pulmonary vein, they were not seen in the un-
banded right middle pulmonary vein.
The extent of the hyperplasia is summarized in Figure 1,
N-P. The ratio of the intima/media in the upstream pulmo-
nary veins of the banded group was significantly greaterThe Journal of Thoracic and Carthan that of the sham groups (P<.001; Figure 1, N). Losar-
tan significantly protected the pulmonary vein from intimal
hyperplasia (P<.001), although not quite to the level found
in the sham group (P ¼ .09; Figure 1, N). The R2 indexed
intimal area was also significantly increased in the banded
compared with the control groups (P<.001; Figure 1, O).
The losartan group had a smaller R2 indexed intima area
than did the banded group (P ¼ .035), but it was still larger
than that of the sham group (P<.001). The R2 indexed me-
dia area (Figure 1, P) was significantly greater in the banded
(P<.001) and losartan (P<.001) groups compared with the
sham group. However, no difference was found between the
banded and losartan groups (P ¼ .384). No differences in
intimal hyperplasia were found among the different banded
branches or segments among the groups (P>.05 for all).diovascular Surgery c Volume 148, Number 6 2553
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DLosartan Treatment Maintained VE-Cadherin
Expression in Upstream Banded Pulmonary Veins
Representative immunofluorescence images of the
banded upstream pulmonary veins are shown in Figure 2,
A-I. Endothelial markers, including CD31, vWF, and VE-
cadherin, were expressed in the endothelial layer but not
in the subendothelial area of the neointima, which was a-
SMA positive.
Quantification of protein expression in the pulmonary
veins by Western blotting indicated significantly lower
levels of VE-cadherin and CD31 expression in the banded
group compared with the sham group (P ¼ .045 and
P ¼ .021, respectively; Figure 2, J and K). Losartan treat-
ment prevented the decrease of VE-cadherin expression
compared with the banded group (P ¼ .004; Figure 2, J).
Losartan did not prevent the loss of CD31 expression after
banding (P¼ .647; Figure 2, K). No differences were found
in the protein expression of TGF-b, phosphorylated
SMAD2, vWF, a-SMA, and fibronectin (all P>.05 within
groups, all comparisons).DISCUSSION
Our pulmonary vein banded piglet model recapitulates
important clinical manifestations of PVS with diffuse up-
stream intimal hyperplasia in the banded pulmonary veins,
pulmonary hypertension, and right ventricular hypertrophy.
Postoperative losartan treatment significantly decreased
PVS-associated pulmonary hypertension and pulmonary
vein intimal hyperplasia. Protein expression of VE-
cadherin was decreased after pulmonary vein banding;
and losartan treatment maintained VE-cadherin levels close
to the levels found in the sham group.Pathologic Changes in Upstream Banded Pulmonary
Vein: Clinical Relevance
Intimal hyperplasia was evident in the upstream banded
pulmonary vein, as described previously by us11 and
others.17 We found an accumulation of a-SMAþ/CD31
cells and collagen deposition in the neointima between
the endothelial layer and internal elastic lamina. A previous
report also demonstrated increased SMAþ cell accumula-
tion and collagen deposition in the subendothelial lesions
of banded pulmonary veins.18 These pathologic changes
are consistent with those seen in patients with PVS.19-22
Sadr and colleagues21 and Riedlinger and colleagures22
found abnormal intimal spindle-shaped cell proliferation
within a loose acid mucopolysaccharide matrix in the ste-
notic pulmonary veins near the left atrial junction in infants
with primary PVS. These abnormal cells were positive for
SMA, muscle-specific actin, vimentin, and collagen but
were negative for CD31 and CD34, suggesting that myofi-
broblasts are the culprit cells in PVS. Rough endoplasmic
reticulum, indented nuclei, pinocytotic vesicles, and2554 The Journal of Thoracic and Cardiovascular Surcytoplasmic microfilaments were identified by electron mi-
croscopy, further supporting their identity as myofibro-
blasts. Intimal fibrosis, medial thickening, and ectasia of
the lymphatics has also been shown within the lungs of pa-
tients with congenital mitral stenosis and cor triatriatum by
Endo and colleagues.20 Together, these findings indicate
that intimal hyperplasia with myofibroblast accumulation
is the main histopathologic manifestation in the upstream
stenotic pulmonary veins. Our piglet model recapitulated
these clinical pathologic findings from PVS and was used
to investigate potential treatments, such as losartan.
Potential Mechanisms for Beneficial Effects of
Losartan in PVS
The expression of the endothelial markers, VE-cadherin
and CD31, decreased in the banded pulmonary veins, sug-
gesting an important role for endothelial cell dysfunction
in the development of PVS. Moreover, a third endothelial
cell-specific marker, vWF, remained unchanged. The dra-
matic decrease in VE-cadherin levels in the banded group
was prevented by losartan treatment, and these levels
were maintained at nearly normal levels. This effect of los-
artan would seem to be very specific to VE-cadherin and not
a generalized influence on endothelial cells per se, given the
findings for CD31 and vWF (ie, other endothelial cell-
specific markers were not affected).
The endothelium is a barrier between the intravascular
and extravascular spaces, and its integrity is essential to
maintain normal vascular health. After banding, pulmonary
vein flow becomes turbulent, and increasing shear stress
could perturb the endothelium. Later, the pulmonary veins
stretch in response to the increasing pressures. Mechanical
forces on the endothelial cells could contribute to alter-
ations in endothelial cell integrity and activation of
signaling pathways.23-25 In the present study, losartan
reduced the neointimal hyperplasia and the resultant
pulmonary hypertension, and we speculate that the
losartan might have acted through preservation of the
pulmonary vein endothelial integrity.
Losartan protected pulmonary vein endothelium from
banding-induced decrements in VE-cadherin expression.
VE-cadherin is a component of endothelial cell-to-cell ad-
herens junctions with an essential role in the control of
vascular permeability.24 Decreased VE-cadherin levels
have been associated with dissociation of cell junctions,
which facilitates the entry of circulating leukocytes and
progenitor cells into the subendothelial space, promoting
inflammatory responses and cell proliferation.24 Impor-
tantly, VE-cadherin interacts with multiple growth factor
receptors, such as the TGF-b receptor, and modulates their
downstream signaling, including interactions with pericytes
and smooth muscle cells and cell polarity.23,24,26 In our
study, the preservation of VE-cadherin levels after banding
with losartan treatment was associated with diminishedgery c December 2014
FIGURE 2. Immunofluorescence staining andWestern blots of the upstream pulmonary veins. Immunofluorescence staining for A to C, CD31þa-smooth
muscle actin (SMA), D-F, vonWillebrand factor (vWF)þfibronection, and G to I, vascular endothelial-cadherin (VE-Cad) in upstream pulmonary veins. J, K,
VE-cadherin and CD31 levels were both significantly decreased in the banded group, and losartan maintained the VE-cadherin levels, shown by Western
blotting.DAPI, 460-Diamidino-2-phenylindole-2HCl;GAPDH, glyceraldehyde-3-phosphate dehydrogenase. *P<.05 versus sham; #P<.05 versus banded.
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Dintimal hyperplasia. From the present findings, we speculate
that losartan maintains the integrity of the endothelium
through a positive interaction with VE-cadherin, thereby
slowing the progression of PVS. Losartan has other direct
and indirect effects that could also influence PVS progres-
sion. However, the precise downstream signaling pathways
responsible for the preservation of VE-cadherin and the pro-
tective effects of losartan require additional investigation.
In Figure 3, we propose a general model depicting the inter-
action of losartan in the pathogenesis of PVS.
TGF-b Signaling in PVS
We did not detect differences in the TGF-b levels among
the groups in the present study, in contrast to our previousThe Journal of Thoracic and Carstudy, which demonstrated greater TGF-b levels in the
banded pulmonary veins (and provided the rationale to
test losartan). Furthermore, we found unchanged protein
levels for phosphorylated SMAD2, a key downstreammedi-
ator in canonical TGF-b signaling. This puzzling discrep-
ancy could be related to differences in the models. First,
in the present model, the right middle pulmonary vein
was left unbanded, which might have resulted in less severe
pulmonary venous obstruction and diminished stimulation
of TGF-b expression. The mean pulmonary artery pressures
in the present study tended to be slightly lower than those in
our previous study (26.8  2.6 vs 34.3  8.9 mm Hg,
P ¼ .076), suggesting a potential difference in the severity
of pulmonary venous obstruction. Second, the upstreamdiovascular Surgery c Volume 148, Number 6 2555
FIGURE 3. Proposed model of pulmonary vein stenosis pathogenesis and
losartan effect. VE, Vascular endothelial.
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Dbanded pulmonary veins harvested in the present study were
more distal (‘‘upstream’’) than the vein segments evaluated
in the previous study. Possibly, the extent of TGF-b expres-
sion is diminished when sampled further from the site of
pulmonary vein banding. Finally, it is possible that the
elevated TGF-b levels occurred as an early signaling event
after banding that we failed to capture at the 7-week mea-
surement point used in the present study.
Although we did not find a difference in the expression of
TGF-b in the present study, we can speculate on alternative
mechanisms whereby losartan might be efficacious through
pathways independent of TGF-b. For example, the work of
others has suggested that autoantibodies against AT1 recep-
tors might affect vascular endothelial integrity in pre-
eclampsia, which is blocked by losartan.27 In the present
study, losartan-dependent preservation of vascular integrity
was suggested by the increased VE-cadherin levels in the
losartan-treated piglets. Although beyond the scope of the
present study, the close proximity of the AT1 receptors to
the extracellular domains of VE-cadherin allows us to spec-
ulate that a potential ‘‘stabilizing’’ association exists be-
tween VE-cadherin and losartan-mediated interaction with
AT1 receptors. To better study the relationship among los-
artan, AT1 receptors, and VE-cadherin expression, we are
developing a mouse model of pulmonary vein stenosis
that will enable us to use appropriate transgenic models
and elucidate the mechanisms of losartan efficacy.2556 The Journal of Thoracic and Cardiovascular SurLosartan Dosage
We administered a losartan dosage of 1 mg/kg/d, which
is within the recommended range for clinical usage
and similar to the dose used in studies of Marfan syn-
drome.28-30 No hypotension or other significant side
effects were observed, indicating a positive safety profile
for this drug in the setting of PVS. Nevertheless, an
appropriately powered dose-response study will be impor-
tant to determine the optimal dosage in terms of preventing
progression of PVS.PVS, Losartan, and Right-Sided Heart Failure
A prominent feature of end-stage PVS is right-sided heart
failure. Friedberg and colleagues31 recently found losartan
abrogated adverse ventricular remodeling in isolated right
ventricular hypertension by inhibiting the TGF-b pathway.
Therefore, it is possible that losartan could potentially have
synergistic beneficial effects in patients with end-stage PVS
through amelioration of PVS and associated right-sided
heart failure.Study Limitations
A major limitation in the interpretation of our study lies
in the potential for translation into clinical practice. In our
model, losartan was administered before the development
of pulmonary venous hypertension (the bands were not
constrictive at implantation). Thus, our model explored
the effect of losartan as a prophylactic therapy before the
establishment of upstream PVS. The present data would
support the use of losartan at pulmonary vein surgery in
nonobstructed pulmonary veins (eg, straightforward repair
of total anomalous pulmonary venous drainage). Our data
do not, however, allow direct extrapolation to the more con-
cerning clinical scenario in which a surgeon operates to
relieve established PVS.3 We will, therefore, initiate addi-
tional studies in a piglet model of chronic PVS to test the
hypothesis that losartan can be used to treat established up-
stream PVS.CONCLUSIONS
Pulmonary hypertension and intimal hyperplasia extend-
ing upstream into the lung were found in our PVS piglet
model. Losartan treatment ameliorated progression of
PVS-associated pulmonary hypertension and intimal hyper-
plasia, possibly through VE-cadherin–associated mainte-
nance of endothelial integrity. Losartan could be useful as
prophylactic therapy after surgical repair of pulmonary
vein anomalies.
We greatly thank Cameron Slorach and Wei Hui for the echo-
cardiography examinations and Marvin Estrada and Anson Lam
for the animal preparations.gery c December 2014
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Dr Duke E. Cameron (Baltimore, Md). I have no disclosures.
Dr Zhu, I congratulate you and your coauthors on this provoc-
ative and potentially groundbreaking study on the mechanism and
treatment of PVS. Your group has already made substantial contri-
butions to the characterization of this lesion, you have created a
powerful animal model, and now you have presented to us a novel
nonsurgical treatment.
Your present study suggests that TGF-b signaling might be
important to the venous intimal hyperplasia that characterizes
this lesion and that a strategy of angiotensin II blockade might
thwart the progressive myeloproliferation that occurs upstream
to the obstruction, similar to how the blockade can slow and
perhaps even prevent aneurysmal changes in the ascending aorta
in patients with Marfan syndrome.
I have 3 questions.
You pointed out in your report, although it was not presented
here, that when you measured the TGF-b levels in the banded
and losartan-treated piglets, they actually were not elevated in
the setting of banding, although you did see that in other models
of pulmonary artery banding that you had studied before. I am
curious to know whether you think this was a problem of perhaps
measuring TGF-b at the wrong location or the wrong time, or have
you actually revealed a new mechanism of losartan that could ac-
count for that finding? So, in other words, what are your thoughts
about how losartan is actually working?
My second question then is that losartan was given before the
pulmonary venous changes occurred, and I am interested to
knowwhether you are planning to use this model in a more chronic
phase to determine whether losartan truly prevents the changes or
has just delayed them and they did not appear within the first 8
weeks.
Of course, we would also like to know whether, if losartan is
given once the changes have already occurred, could it actually
reverse some of those changes, such as it appears to do in some
aneurysmal disease?diovascular Surgery c Volume 148, Number 6 2557
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DFinally, my last question, which I think everyone in the audi-
ence wants to know, is, have you given losartan to any of your clin-
ical patients? If so, to what group of patients and do you have any
findings to share with us?
Again, I congratulate you on a spectacular study.
Dr Zhu. Thank you very much, Dr Cameron, thanks for your
comments.
For your first question about the TGF-b discrepancy between
our present study and the previous study, we did show that TGF-
b was upregulated in our previous model. However, we did not
find that change in the present study. I think there are several rea-
sons. First, we used a slightly different model. In our previous an-
imal model, we banded all the pulmonary veins. However, in the
present study, we left the right middle pulmonary vein unbanded.
We intended to leave the right middle pulmonary vein unbanded to
improve survival and also to provide an intra-animal control. Thus,
the present model was less severe than the previous one. Actually
from the hemodynamic measurements, we found the mean pulmo-
nary arterial pressure in the present model to be slightly lower than
that in the previous model.
The second reason might have been related to specimen collec-
tion. In the present model, we collected the pulmonary vein sam-
ples much more distally than in the previous model, because we
wanted to focus on the upstream pulmonary vein.
Finally, I think, actually, for TGF-b, for its role in PVS develop-
ment, we are still not quite sure. More mechanism studies are
required, and our research group is investigating the underlying
mechanism now. TGF-b could be involved in the early phase;
for instance, perhaps it initiates the process of pulmonary vein ste-
nosis, but perhaps it is not required to maintain the PVS. Thus, we
might have missed the timing to detect when the TGF-b is
elevated. Therefore, I think will be good for us to evaluate the
TGF-b levels at different points in a chronic model.
That brings us to your second question. In the present study, we
gave losartan before the development of PVS.
We did not give losartan treatment for established PVS. From
our previous study, we had found that PVS starts at around 3
weeks after the banding procedure. We saw some flow turbu-
lence of the banded pulmonary veins on echocardiography.
Also, when we killed the pigs at 3 weeks after the operation,
we found some pathologic changes. Thus, I think in future
studies, we will start giving losartan 3 weeks after banding to
test the ability of losartan to reverse established disease. That
is our next step. I think it will be very interesting to proceed
with this experiment.2558 The Journal of Thoracic and Cardiovascular SurThe last question I think is the one all of us are mostly interested
in—whether we can bring losartan into clinical use. Currently, we
have not used losartan clinically; however, we are interested in do-
ing so because losartan is a widely used Food and Drug Administra-
tion-approvedmedication with a good safety profile, and the dosage
we used in the present study was within the normal clinical use.
We have not started the clinical trial for a few reasons. First, in
the present study, we used losartan before the PVSwas established,
which is not very similar to the most common clinical setting. The
translation of this model to a clinical study would likely entail pro-
phylactic use of losartan in every patient with total anomalous pul-
monary venous drainage at risk of PVS. However, we know that
the incidence of PVS after total anomalous pulmonary venous
drainage repair is only around 10%. So, if we wanted to detect
whether losartan has a beneficial prophylactic effect, we might
need a few hundred patients to have enough power to identify
the effects. In a single center, we would not have enough patients.
We would need a multiple center clinical trial to obtain enough
patients.
We could consider using losartan only in high-risk patients to
increase the likelihood of detecting a beneficial effect; however,
these patients are also still very few, and sometimes it is a bit diffi-
cult to predict which patients will develop PVS and which will not.
We are very interested in the use of losartan to treat established
PVS. I think before we can start the clinical trial of those patients,
we will still need some more supportive evidence from animal
studies, and this is also our next step.
Finally, for the potential clinical trial of this rare, but relentless,
pulmonary vein disease, we need multiple centers to enroll enough
patients, and all of you are welcome to join this study.
Dr John E. Mayer, Jr (Boston, Mass). It seems to me, unless I
missed something in your presentation, you have sort of a control,
namely, that right middle pulmonary vein that you did not band.
How were your findings different in that area compared with the
other areas in which the veins were banded?
Dr Zhu. Thank you, that is a very good question. Actually, we
left the right middle pulmonary vein unbanded. From our findings,
when we killed the pigs, morphologically, the right middle pulmo-
nary vein was dilated. It indicates pulmonary flow distribution to
the right middle pulmonary vein, which can decompress the heart.
We also performed pathologic tests, and we did not find the same
intimal hyperplasia in this unbanded pulmonary vein as was seen
in the banded veins. Possibly, a longer study duration might have
allowed us to detect histologic changes in the unbanded pulmonary
veins.gery c December 2014
